Abstract-The Mars ascent vehicle is a critical element of the robotic Mars sample return mission jointly planned by NASA and ESA. The Mars ascent vehicle must be developed to survive a variety of conditions including the trans-Mars journey, descent through the Martian atmosphere and the harsh Martian surface environments while maintaining the ability to deliver its payload to a low Mars orbit. The primary technology challenge of developing the Mars ascent vehicle system is designing for expected conditions while ensuring the mass limitations of the entry descent and landing system are not exceeded.
The NASA In-Space Propulsion technology project has initiated the development of Mars ascent vehicle technologies with propulsion system performance and launch environments yet to be defined. To support the project's evaluation and development of various technology options the sensitivity of the Mars ascent vehicle gross liftoff mass to engine performance, inert mass, target orbits and launch conditions has been completed with the results presented herein.
INTRODUCTION
For decades NASA and the science community have been working towards a robotic Mars Sample Return (MSR) mission. There have been numerous studies to evaluate MSR mission architectures, technology needs, technology development plans, and top-level mission requirements [1, 2, 3, 4] . The Mars program has divided the MSR mission into three phases, each requiring a separate launch from Earth. The first launch consists of a lander and rover to perform sample collection and caching. This is followed by the launch of the Mars orbiter, which acts as the Earth return vehicle. The final phase of the mission is the launch of the second lander containing the Mars ascent vehicle (MAV). A notional depiction of the MSR architecture is included in Figure 1 and shows the potential for the order of the last two launches to change as mission planning continues. The first of these missions, the sample collection and caching, is scheduled as a joint NASA / ESA 2018 mission. Currently, the orbiter and lander missions are tentatively planned for 2022 and 2024 respectively. The MSR mission is one of the most challenging robotic missions ever attempted due to large number of system elements and technology development risks.
One of the largest technology development risks for the MSR mission is the MAV.
NASA's In-Space Propulsion Technology (ISPT) project has recently been assigned the development of the MAV technologies with a requirement to perform multiple terrestrial flight demonstrations prior to the MSR preliminary design review (PDR). The MAV and its associated landing platform element PDR is expected to occur in 2018. To meet this technology readiness date, the ISPT project released a MAV Request for Information in December of 2008, and released a solicitation for the MAV propulsion system development in February of 2009. These awards will begin with system studies for various MAV propulsion concepts followed by a down select for the propulsion system development and demonstration.
The critical metric for the MAV is the landed mass required to complete its mission. The landed mass is limited due to the use of the Mars Science Laboratory (MSL) Skycrane, in the baseline entry descent and landing (EDL) system, to provide the final propulsive descent [5] . As a result of the landed mass restrictions, the objective is to minimize the Gross Lift-Off Mass (GLOM) of the MAV system. MAV propulsion concepts being considered include solid, liquid, hybrid systems with state-of-the-art propellants and numerous subsystem architectures. These various concepts all have GLOM implications on the MAV system. The MSR science team is also still evaluating potential landing sites and evaluating landing accuracy of the EDL system. The landing site latitude, surface gradient, MAV launch platform orientation, MAV angle of elevation at launch, and other parameters all impact the MAV GLOM.
To understand the primary MAV GLOM sensitivities to the MAV performance characteristics and landing site requirements, an extensive parametric trade has been completed and the results are presented herein.
MAV BASELINE DESCRIPTION

Top Level MAV Requirements
The fundamental requirement for a successful MAV mission is the delivery of 5 kilograms of payload to orbit. This payload consists of samples of the Martian surface as well as the sample containment system. This requirement can be accomplished using a wide variety of engine and vehicle assumptions that fall into two major categories. First is a family of in-line two-stage vehicle designs known as two stage to orbit (TSTO) solutions. TSTO concepts use two separate propulsion systems with the first stage jettisoned before the second stage is used. The other major category of vehicle designs uses only a single stage with a restartable propulsion system and is referred to as a single stage to orbit (SSTO) solution. SSTO vehicle concepts do not jettison any part of the stage during ascent with considerations given to restartable liquid and hybrid engines as well as designs using timed solid rocket motors. Analysis of an SSTO vehicle concept demonstrated that the use of only one stage to reach orbit results in a baseline GLOM increase of approximately 20 kg over the TSTO baseline case.
Additionally, results of SSTO vehicle sensitivities show higher GLOM growth than the same studies completed for TSTO vehicle design. Due to this unfavorable mass performance, the SSTO results are not included here. Full documentation of the SSTO baseline vehicle and sensitivity results can be found in the NASA technical memorandum fully documenting the MAV GLOM sensitivity analysis [6] .
To allow for a stable orbit at Mars, the MAV must be able to place the sample into a 500 km circular orbit, with dispersions no greater than +/-100 km [7] . The inclination of the rendezvous orbit has yet to be established and will ultimately depend on the range of landing latitudes that the EDL system can guarantee for the MAV. This is due to the assumption that the target orbit inclination of the MAV will be greater than the launch site latitude. The vehicle must be capable of achieving its target inclination within +/-0.2 degrees [7] .
The MAV must be designed to accommodate a wide variety of launch conditions due to the inability of the EDL system to precisely land at a predetermined location with desired launch orientation. At the time of this analysis, the MAV was targeted to land at Martian latitudes within 45 degrees of the equator, resulting in the assumption of a 45 degree baseline launch latitude. Additional analysis of the EDL system indicates that launch latitudes of no greater than 30 degrees could be provided to the MAV, however this information could not be included in this assessment. The current GLOM results, although baselined for a 45 degree latitude launch, encompass launches from any latitude less than or equal to 45 degrees.
Uncertainty in landing location also necessitates that the MAV be capable of launching from a wide range of launch orientations. The results presented show the performance impact of a requirement to land on slopes of up to 20 degrees from horizontal and guarantee a launch within 30 degrees of the targeted launch elevation [7] . In addition to the launch elevation of the MAV, the azimuth of the launch platform on the Mars surface may also be uncontrolled. This could result in a launch into a non-optimal launch azimuth orientation resulting in an associated reduction in performance. Currently the precision with which the optimal launch azimuth could be maintained during EDL is unknown. Options exist to mitigate the performance impact due to launch azimuth variation, including tighter controls on the final portions of EDL to orient the lander along the optimal launch azimuth or the use of a turntable to rotate the MAV into an optimal launch orientation. The elevation and azimuth assumptions made are intended to guide decisions on the necessary lander capabilities. Eventually, these launch requirements will be traded at a system level against the MAV GLOM growth necessary to accommodate offnominal launch conditions.
MAV TSTO Ascent Trajectory Profile
The MAV TSTO ascent profile is relatively simple and differs from most terrestrial launch vehicle profiles given that it does not use a continuous burn from surface to orbit. Instead two separate burns are used. The first burn starts at engine ignition (time=0) and begins a 0.2 second fixed attitude burn necessary to clear the launch platform. The first burn continues with an optimal pitch over maneuver. Depending on the controls being used, this maneuver could include optimal roll and yaw maneuvers in conjunction with pitch. Following the optimal control section of the burn, the aerodynamic angles (angle of attack, side slip and bank angle) are manipulated to put the vehicle in a zero aerodynamic angle orientation by the end of the first burn. After first stage burnout, the vehicle coasts to apoapsis, jettisoning the first stage and payload fairing before the start of the second stage burn. The current baseline assumption is that jettison occurs at an altitude of 200 km, but realistically it can occur any time after leaving the Martian atmosphere (approximately 100 km above the Martian surface) and before second stage ignition with minimal penalty to performance. Just prior to reaching apoapsis, a significantly shorter second burn, using an optimized control profile, is performed to raise the periapsis altitude and circularize the orbit. A theoretical operational concept, with baseline times and Martian altitudes, can be found in Figure 2 . 
TSTO Baseline Vehicle Design
The TSTO vehicle concept used for this analysis is based on a vehicle previously developed by the NASA MAV team in 2001 [8] . The system masses, as sized for this vehicle, are shown in Table 1 with the baseline thrust and Isp assumptions in Table 2 . These assumptions result in a total vehicle GLOM of 267.5 kg. The MAV solid rocket motor performance assumptions are consistent with the use of a stretched STAR 17A solid motor first stage and a stretched STAR 13A second stage. It is assumed for all studies, except for those involving stage masses, that propellant mass can be adjusted while holding dry mass static. The Martian atmosphere and winds were modeled using a tabular representation of a mean Mars Global Reference Atmospheric Model (GRAM). Mars shape and gravity were specified using an oblate model with the constants listed in Table 3 . As the analysis to follow will show, mission and launch site assumptions have a large effect on the resulting vehicle GLOM. Therefore, it is necessary to identify the specific mission and launch site assumptions used in TSTO baseline such that the effects of the vehicle sensitivities presented can be better understood. The baseline launch site location and launch site orientation assumptions are specified in Table 4 along with the target orbital parameters. Figure 3 shows the effect on the previously designed MAV GLOM, 267.5 kg, as the body pitch rate is constrained to various levels. The performance deltas in Figure 3 assume only pitch control, with launch azimuth optimized. Since the goal is to produce the lightest possible MAV to meet mission requirements, the 5 kg (2%) growth that results from a control rate change is not insignificant. Due the imposition of the 5 degree per second control rate constraint, a baseline GLOM 272.6 kg is assumed for a vertically launch MAV in the comparisons throughout the remainder of this analysis. The performance delta for control rate restrictions placed on out-of-pitchplane control rates at a non-optimal launch azimuth are larger and are addressed in section 5, GLOM Sensitivities to Launch and Mission Parameters. 
ANALYSIS METHODOLOGY AND TOOLS
Analysis Methodology
Using the payload, dry mass, thrust and Isp assumptions listed in Table 1 and Table 2 , an OTIS TSTO model was developed at NASA's Glenn Research Center (GRC) along with a POST TSTO model by the team at NASA's Marshall Space Flight Center (MSFC). The existing TSTO baseline mission and launch site assumptions were also used as defined in Table 4 . This includes the important assumption of a vertical launch orientation and the use of an optimal launch azimuth. As described, the propellant loads for both the first and second stages were allowed to vary so that the minimum overall GLOM could be achieved. The orbital targets for launch to a 500 km circular orbit were defined using orbit radius, inertial velocity, inertial flight path angle and inclination as listed in Table 5 . Vehicle sensitivities were established for the MAV through the minimization of GLOM. In all cases, this results in the vehicle propellant load being varied to minimize the total vehicle mass. POST and OTIS used control angles, along with propellant weights, to find the optimal combination of parameters. In selected cases, thrust was also left open for optimization to also characterize the thrust level providing minimal vehicle mass. The majority of cases used static vehicle weights and engine parameters as described in section 2, MAV Baseline Description.
The sensitivities to be discussed here were initially run in both POST and OTIS such that both the baseline case and the sensitivity results could be compared. To do so, Python scripts were developed to independently run each desired vehicle sensitivity. The functionality of the scripts necessary to run each analysis program was quite different due to the differing methods in which POST and OTIS operate. Despite differences in operation, these run scripts provided three important functions: run each optimization case while ensuring an optimal result, vary the input parameters necessary to accomplish each parameter sweep and record desired output data for post processing.
To run each case, the scripts contained the ability to correctly read and interpret the optimization output from POST or OTIS. After each case was successfully optimized, the script would automatically increment the parameter, or parameters, of interest and rerun the program. This process was repeated until the entire parameter range was completed. For OTIS, no additional guess generation or guess tweaks were necessary, as the next case was easily converged from a previously converged case. In POST, the operation was a bit more complex as it was necessary to use a combination of a bi-section step algorithm and a genetic algorithm to automatically generate independent variable guesses for each new POST run that would allow successful problem convergence. This allowed for less user interaction with each POST run and helped to minimize noise in the POST GLOM results.
POST and OTIS comparisons show matching results for the baseline cases as well as matching trends for the various GLOM sensitivities completed. This match is evident by the GLOM difference of 0.88 kg (0.32%) found between POST and the OTIS baseline of 272.6 kg.
Additionally, comparisons of important trajectory parameters also show a close correspondence as demonstrated by Figure 4 and Figure 5 . A close match between these programs is not unexpected, as previous studies have shown a close correspondence between POST and OTIS analyses [9] . Full comparisons of the OTIS and POST TSTO baseline cases can be found in the NASA technical memorandum containing the complete documentation of these results [6] . Although a significant effort went into ensuring that POST found the most optimal solution, a great deal of noise was observed in the POST GLOM sensitivity results. An in depth comparison between the POST and OTIS sensitivities is not included here, but matching trends were observed for all sensitivities analyzed. Due to the smoother resulting OTIS trends, all GLOM sensitivity data discussed in this document is derived from OTIS results. An example of the noise in the POST GLOM results, compared to OTIS results, is found in Figure 6 .
Figure 6. Comparison of POST and OTIS MAV GLOM Sensitivity Data
OTIS
Optimal Trajectories by Implicit Simulation program (OTIS) is a general-purpose simulation and optimization program, which can be used to perform trajectory performance studies (otis.grc.nasa.gov) [10] . A user can simulate and optimize a wide variety of vehicles such as aircraft, missiles, re-entry vehicles, ascent vehicles, satellites, and interplanetary vehicles. The vehicle models used in OTIS are defined by user inputs; there are no embedded, vehicle specific aerodynamic or propulsion models. OTIS is primarily a point mass, three-degree of freedom (3DOF) program. It makes available to the user two well known and proven optimizer options: SNOPT and SLSQP. The program name is derived from the implicit methods used to solve differential equations, which were distinctive at the time of OTIS' origin. Although named after its implicit integration capabilities, OTIS is capable of generating flight paths using implicit, explicit or analytical integration. Trajectory analysis using OTIS can be performed with respect to any of the major bodies in the solar system.
POST 3D
POST 3D (Program to Optimize Simulated Trajectories) is a generalized point mass, discrete parameter targeting and optimization program [11] . POST provides the capability to target and optimize point mass trajectories for a powered or unpowered vehicle near an arbitrary rotating, oblate body. POST has been used successfully to solve a wide variety of atmospheric ascent and reentry problems. The generality of the program is evidenced by its multiple phase simulation capability which features generalized planet and vehicle models. This flexible simulation capability is augmented by an efficient discrete parameter optimization capability that includes equality and inequality constraints.
TRADE SPACE DESCRIPTION
The mission and launch assumptions of the MAV have a direct effect on the vehicle GLOM, primarily through the amount of propellant necessary to successfully reach orbit. Vehicle mass and engine performance assumptions also have an effect on MAV GLOM, through the mass of the components used in addition to their effect on the amount of propellant needed to reach orbit.
To better understand the sensitivities to be discussed, Figure  7 depicts the assumed relationship between launch latitude and launch inclination with targeted inclination always assumed to be greater than or equal to the launch latitude. The orientation of the launch platform on the surface of Mars is also important as illustrated in Figure 8 . The platform orientation is defined using two angles, the launch elevation angle, 90 degrees as shown, and the launch azimuth angle, which is measured clockwise from north. For each combination of launch latitude, targeted orbit inclination and launch elevation angle the optimal launch azimuth is calculated during analysis. The optimal launch azimuth corresponds to the minimum GLOM solution for each combination of launch parameters. For the sensitivities presented here, it is more useful to express the simulated vehicle launch azimuth as the angle from the optimal launch azimuth, as defined in Figure 8 . Further description and discussions of these values is found in section 5, GLOM Sensitivities to Launch and Mission Parameters, along with the sensitivity results. The large trade space of mission, launch and vehicle assumptions that were analyzed for MAV GLOM sensitivities are listed, with ranges, in Table 6 . It should be noted that this analysis looked only at northern latitudes but it is assumed, due to symmetry, that launches from southern latitudes would remain the same. To break down this vast trade space, the parameters were studied in several different ways. First, assuming use of an optimal launch azimuth, a large matrix of MAV GLOM sensitivities were completed for all combinations of launch latitude, launch elevation and targeted orbit inclination. Second, sensitivities for launches at a non-optimal launch azimuth were run for all launch elevation angles at the baseline launch latitude of 45 degrees targeting a 45 degree orbital inclination. Although only offazimuth launches from 0 to 180 degrees were analyzed, it is assumed due to symmetry that launch from 0 to -180 degrees would produce similar results. The remaining vehicle and mission sensitivities were run using the baseline launch and mission assumptions, including the use of an optimal launch azimuth at a vertical launch elevation, as listed in Table 4 . Target Orbit altitude (km) 400 600
The previously developed TSTO MAV solid rocket concept is assumed to be the primary MAV baseline design for this analysis. Therefore, sensitivities to all parameters listed in Table 6 were run with vehicle assumptions consistent with the TSTO baseline vehicle. This included a range of vehicle sensitivities large enough to show how GLOM would change if using a liquid engine instead of the solid motor design. As previously described, a subset of vehicle and mission sensitivities were also evaluated for the SSTO concept, such that the viability for further evaluation could be established. Detail of the SSTO baseline and sensitivity results can be found in NASA technical memorandum that documents the full results of this study [6] .
GLOM SENSITIVITIES TO LAUNCH AND MISSION PARAMETERS
GLOM Sensitivity to Target Inclination, Launch Latitude and Launch Elevation
Before, and to a lesser degree after, a landing site is selected there is the potential for variability in the location and type of terrain on which the MAV launch platform may come to rest. Although the MAV lander is currently targeted to land within 30 degrees latitude of the equator, a broader latitude range of 0 to 90 degrees was analyzed to establish complete GLOM growth trends. The launch elevation angle, as shown in Figure 8 , is defined as the launch angle of the MAV measured from local horizontal. This results in a 90 degree elevation angle when the MAV is launched vertically as modeled for the TSTO and SSTO baseline cases. Launch latitudes between 0 and 90 degrees were analyzed at launch elevations from 30 to 90 degrees. Also shown in Figure 8 is the orientation of the MAV launch azimuth relative to the optimal launch azimuth. For all latitude-inclinationelevation sensitivities shown, the vehicle is always launched along the optimal launch azimuth, which corresponds to an off-optimal azimuth angle of zero as defined in Figure 8 . The section entitled Sensitivity to Launch Azimuth and Launch Elevation discusses the effects of a non-optimal launch azimuth geometry in further detail and presents GLOM sensitivities at varying off optimal launch azimuth angle and elevation angle combinations.
For each latitude and elevation combination, a range of target inclinations up to 90 degrees was also analyzed. From spherical geometry, only inclinations greater than or equal to the current latitude can be reached during ascent. To reach an inclination lower than the current latitude, an additional burn would be necessary after reaching orbit. The GLOM penalty for doing an additional burn is quite high as demonstrated in Figure 9 , which shows the total GLOM increase from the OTIS TSTO baseline, 272.6 kg, plotted against on-orbit inclination change capability. The GLOM increase observed consists of the propellant necessary to perform the on-orbit inclination change maneuver as well as the additional MAV GLOM needed to lift that propellant to orbit. If the MAV were to launch from a 30 degree latitude and need to reach an equatorial orbit (0 degree inclination), a 30 degree on-orbit inclination change would be necessary with an associated GLOM increase of approximately 168 kg.
Figure 9. GLOM Growth for an On-Orbit Inclination Change Necessary to Reach Inclinations Lower than the Launch Latitude
For a launch latitude of zero degrees (equatorial) the resulting GLOM growth for varying both launch elevation and target orbit inclination is shown in Figure 10 . It is noted that for optimal azimuth launches at a latitude and target inclination of zero, any elevation angle less than 90 degrees results in a GLOM less that the TSTO vertical launch baseline of 272.6 kg. The minimum total GLOM was found at a launch elevation angle near 45 degrees. This can be more clearly seen in Figure 11 , which shows only the 90, 45 and 30 degree launch elevation angles. Due to the non-linear nature of the results in Figure 12 a direct numerical relationship between GLOM and inclination was difficult to develop. However, a better understanding of the relationship between GLOM and inclination can be found from Figure 12 , which plots the slope of the curves shown in Figure 11 . It can be observed that as the targeted inclination reaches 90 degrees, the change in GLOM per degree inclination approaches a constant value of .33 kg GLOM per degree of inclination. This translates into a maximum GLOM necessary to cover launches to inclinations up to 90 degrees of approximately 286 kg, an increase of about 13 kg over the TSTO vertical launch baseline. Further, by limiting launches to inclinations less than or equal to 45 degrees, the baseline GLOM can be maintained for any launch elevation angle. For brevity, only the equatorial latitude results are shown here. The remaining elevation and inclination combinations for all launch latitudes can be found in Appendix A of the NASA technical memorandum fully documenting these results [6] . Interesting insight results from looking at the same GLOM sensitivities at a constant launch elevation angle for combinations of launch latitude and target inclination, found in Figure 13 for a 90 degree launch elevation and Figure 14 for a 45 degree launch elevation. Both of these figures demonstrate that for any target inclination, GLOM grows by about .23 kg per 10 degrees of launch latitude. The data run for all other combinations of launch parameters, not shown here, demonstrates that GLOM growth of this magnitude can be expected for all launch elevations. This means that if targeting a 90 degree inclination orbit, the GLOM difference between launching from a pole, instead of the equator, is only about 2 kg. This is a significant finding as this indicates that launch latitude makes very little difference in the size of the MAV, as long as that latitude is less than or equal to the target inclination.
Figure 13. GLOM Sensitivity for all Launch Latitudes to Target Orbit Inclinations Greater than the Launch Latitude, at a Launch Elevation of 90 degrees Figure 14. GLOM Sensitivity for all Launch Latitudes to Target Orbit Inclinations Greater than the Launch Latitude, at a Launch Elevation of 45 degrees
The effect of pitch body control rates for these sweeps was also analyzed, with the results found in Figure 15 . GLOM is predictably lower with the use of higher body control rate limits and matches closely with the GLOM trend presented in Figure 3 .
Figure 15. Impact of Control Rate Limit on TSTO GLOM Sensitivity of a Vertical Launch Elevation, 45 Degree Launch Latitude to Inclinations up to 90 degrees
Sensitivity to Launch Azimuth and Launch Elevation
The GLOM sensitivities discussed for latitude, inclination and launch elevation assume that the MAV is able to lift off and pitch over directly into the optimal launch azimuth. This provides the minimal GLOM for each set of launch conditions. The optimal launch azimuth varies greatly as the launch latitude and target inclination change. However, the entry, descent and landing system may not be able to guarantee that the MAV launch platform will land in an orientation that allows a direct launch into the optimal launch azimuth. This necessitates that GLOM sensitivities be established for launches to azimuths not aligned with the optimal launch azimuth. As depicted in Figure 8 , the distance from the optimal launch azimuth for each case considered is quantified as the angle from the optimal launch azimuth. An angle from optimal azimuth of zero results in a vehicle launch aligned with optimal, while an angle 180 degrees represents a launch in the exact opposite direction from the optimal azimuth. GLOM sensitivities were established from the baseline launch assumptions, with a launch from a latitude of 45 degrees to an inclination target of 45 degrees. Each nonoptimal launch azimuth case was analyzed using the full set of control angles, allowing for the vehicle's pitch, yaw and roll angles to be varied. Out of pitch plane control is necessary for these cases to allow a static inclination target to be achieved from varying launch azimuths. Similar to the TSTO baseline, all out of pitch plane controls are calculated using one linear control segment during the first stage burn with a second linear segment used to ramp aerodynamic angles to zero. Each angle is also controlled using one linear segment during the second stage burn.
Launch elevation angle is a key driver in the sensitivity of GLOM to launch azimuth variation. If the vehicle is assumed to always launch at a 90 degree launch elevation angle, as shown in Figure 8 , the optimal azimuth can always be reached with very little effect to GLOM. As launch elevation angle is decreased, the effect on GLOM to launch at varying azimuths increases dramatically.
This assessment considers the impact to GLOM if launch elevation can be guaranteed within 30 degrees of the predetermined launch elevation target. Therefore, GLOM comparisons were made for a 45 degree launch latitude at elevation angles from 60 -90 degrees, to establish sensitivities for a mission designed to launch vertically. GLOM comparisons were also made for a mission designed to launch at a 45 degree elevation and a 45 degree launch latitude, for elevation angles from 30 to 75 degrees. The results for off optimal azimuth angles from zero to 180 degrees are shown for the vertical launch in Figure 16 with the GLOM deltas presented based on the TSTO vertical launch baseline GLOM of 272.6 kg. Figure 17 shows the 45 degree launch elevation sensitivities, compared to a GLOM of 265.8 kg found for a launch along the optimal launch azimuth using a 45 degree launch elevation. It is assumed that GLOM sensitivities to launch azimuth are symmetric, with the GLOM growth for off azimuth angles from zero to -180 degrees being similar to the results for off azimuth angles from 0 to 180 degrees shown here. The off optimal launch azimuth cases analyzed demonstrate that for a non-vertical launch, maintaining the launch azimuth within approximately 80 degrees of optimal, keeps the total GLOM under the documented TSTO vertical launch baseline of 272.6 kg. For a targeted 45 degree launch elevation, if the launch azimuth can be guaranteed with approximately 70 degrees of optimal, the TSTO vertical launch baseline GLOM can also be maintained. Additionally a launch azimuth restriction of approximately 40 degrees from optimal would allow for GLOM to be reduced by about 6 kg from the TSTO vertical launch baseline GLOM. This would be accomplished by designing the MAV to use a 45 degree launch elevation instead of launching vertically. If the launch azimuth cannot be guaranteed within these ranges, it is apparent that launching close to vertical provides the smallest GLOM growth for large off azimuth angles. The performance sensitivities shown are assumed to be valid for launch inclinations and latitudes between 0 and 45 degrees. Launches to inclinations greater than 45 degrees will result in higher GLOM increases for off azimuth launches, caused by the larger GLOM necessary for an optimal azimuth launch to high inclinations.
Similar to the previous set of sensitivities, additional GLOM sweeps were completed to identify the effects of varying control rates as well as not enforcing control continuity for the start of the second burn. These cases were run for only a launch elevation of 45 degrees while targeting an orbital inclination of 45 degrees. The angle from optimal azimuth was varied between 0 and 90 degrees, with GLOM comparisons made back to the baseline TSTO GLOM of 272.6 kg. Figure 18 shows the effect on the off-azimuth GLOM sensitivities, when the maximum body control rate was varied. In these cases all angles were controlled and therefore limited to this maximum rate. These cases are driven primarily by the speed at which the vehicle can roll and yaw into the optimal azimuth so it is not surprising that increasing controls rates reduce the GLOM at 90 degrees off azimuth by 10 kg. 
Circular Orbit Altitude Sensitivity
With the sensitivity to the inclination of the insertion orbit well characterized, it was also necessary to determine sensitivity to the targeted circular orbit altitude. As Figure 19 shows, the delta in GLOM for variations in targeted altitude are small. A weight change of approximately 5.1 kg of GLOM per 50 km of altitude was observed, with GLOM growing as circular orbit altitude increases. This partial was much lower than expected and results in minimal impact to the vehicle for changes in final orbit altitude. These show that for every kilogram of first stage growth, a GLOM increase of 1.9 kg can be expected. For the same 1 kg growth on the second stage, a 4.6 kg growth in GLOM can be expected. A third partial falls out from the first two, in that vehicle GLOM can be decreased by 2.7 kg for every kilogram of mass that can be shifted from second stage to the first. Since the first stage can stay with the vehicle until just before second stage ignition, this could present the opportunity to reduce GLOM by shifting functionality, and mass, to the first stage. These partials demonstrate the wellknown benefit of staging, showing that mass added to the first stage comes at a cheaper cost to performance than mass added to the second stage.
For a constant specific impulse (Isp), the partials identified apply to any combination of inert masses, and do not change as total vehicle mass increases. As other vehicle parameters changed, the calculated mass partials also change. This is evident in Figure 22 and Figure 23 , which show the change in dry mass partial as Isp is changed for both the first and second stage. Although the partial does not change drastically over the Isp range analyzed, it does show that increases in Isp allow mass to be added to the vehicle at a lower cost in terms of GLOM. However, the reverse also applies that the GLOM savings are mitigated at higher Isp values for decreases in stage mass. These are important partials for vehicle designers to keep in mind as investments are considered in stage mass reductions and Isp improvement. 
Engine Isp and Thrust
Engine parameter GLOM sensitivities are also very important to consider for the MAV design. As done for other sensitivities, vehicle masses and mission parameters are held constant to the baseline assumptions. For thrust variations, Isp is held constant to baseline values while the thrust is held constant for the Isp partial. It is recognized the Isp and thrust are typically linked, along with potential mass increases. But as with other sensitivities discussed, this is intended to demonstrate the singular effect of each parameter. The effect to GLOM of varying the Isp is shown in Figure 24 . The assumption was made that the Isp of both stages is the same, leading to the Isp listed in Figure 24 being used for both the first and second stages. Although the effects of using an optimized thrust are small for the baseline launch assumptions used for Figure 26 , Figure 27 shows that the effect of thrust on GLOM begins to increase when combinded with other vehicle sensitivities. At angles far from the optimal azimuth, the GLOM savings from the longer burn resulting from a lower, optimal, thrust grow considerably. Figure 28 demonstrates that the GLOM reduction from Isp improvements is maintained for off azimuth launches at an almost constant reduction in GLOM. Both curves in Figure  28 were run using the same thrust value of 21,577 N further indicating that GLOM savings result from increases in Isp only. These results indicate that further study is necessary of the secondary effects on other vehicle sensitivities caused by engine parameter changes, as large additional GLOM benefits may be possible. 
CONCLUSIONS
A large number of vehicle sensitivities were completed for both the TSTO MAV design. When possible simple numerical sensitivities, commonly referred to as vehicle partial derivatives, were established to directly relate GLOM growth with the design parameters of interest. These design relationships have been highlighted throughout this paper and are summarized in Table 7 . Two areas of the MAV trade space were found to have very little effect on the resulting vehicle GLOM: launch latitude for inclination targets greater than that latitude (when using an optimized launch azimuth) and the second stage engine thrust for the TSTO vehicle. While other vehicle parameters cannot be classified as insensitive, the results show very small GLOM growth over the ranges analyzed. This is the case for GLOM growth due to circular orbit altitude. The TSTO GLOM also shows very little effect over a large range of first stage thrust values. This allows for a wide range of thrust solutions for either stage of the TSTO MAV design.
The greatest impact to GLOM is observed in the launch site orientation sensitivities run for the TSTO vehicle. If azimuth cannot be controlled within a small range around the optimal launch azimuth, large growth in GLOM can be expected for off azimuth cases unless a near vertical launch can be guaranteed. It is also obvious from the relationships presented in Table 7 that the system mass and propulsion performance of the MAV could also have a large effect on GLOM, especially if large changes from the current baseline are made.
SYSTEM IMPLICATIONS
The primary intention of the results presented is to help guide decisions on the investments necessary to produce a MAV capable of launching in a variety of conditions and still remain small enough to fit into the landed mass restrictions. As these sensitivities were completed, the authors have developed a set of recommendations that could allow GLOM savings and still support a variety of launch site locations and conditions. First, if the landing system can guarantee the launch azimuth within approximately 40 degrees of the optimal launch azimuth, the MAV should be designed to launch at a 45 degree elevation and incorporate the resulting reduction in GLOM. A change in the baseline launch elevation to 45 degrees, from vertical, could result in additional benefits to the launch platform, as a 45 degree launch angle may be easier to achieve. It should be noted, that if azimuth cannot be guaranteed within 40 degrees but could be guaranteed to within approximately 70 degrees of the optimal launch azimuth, a 45 degree launch elevation could be used while maintaining the current TSTO baseline mass. If azimuth restrictions are not possible, a launch elevation near 90 degrees is necessary to minimize GLOM growth.
The current analysis demonstrates the impact of launching at elevations within 30 degrees of the design launch elevation. Due to the large GLOM variations that result from launch elevation errors, it is recommended that launch elevation accuracy be restricted to approximately 10 degrees from the design point. This would allow additional GLOM savings and provide more flexibility in the launch azimuth constraints necessary to utilize a lower baseline launch elevation.
The final design recommendation relates to the physical design of the TSTO MAV. Functionality could be moved from the second stage to the first with a GLOM savings of 2.7 kilograms per kilogram moved, with no impact to performance due to the ability to jettison the first stage shortly before second stage ignition. Reconfiguring the distribution of important systems between both stages, could allow significant GLOM savings without a major change to the current MAV propulsion and mission assumptions.
FUTURE WORK
Further work is needed in two key areas to refine the current study data: MAV body control rate limits and TSTO nonoptimal azimuth launches at low latitudes. The existing 2001 TSTO baseline design utilized body control rates of 20 degrees per second, a rate believed to be unsuitable for the current vehicle design. For the sensitivities presented in this paper a 5 degree per second body control rate was assumed, as it is currently well within historically used limits. However, it was shown that off azimuth GLOM sensitivities could be mitigated to some extent with the use of a higher body control rate. Therefore, a more detailed study is necessary to determine what control rates could be used for MAV. It would be necessary to model the MAV using a six-degree of freedom simulation, which would allow the interaction of a gimbaled engine with the relatively small MAV to be studied in greater detail. With a six-degree of freedom model, differing vehicle body rates could be imposed to determine when, and if, the MAV becomes uncontrollable or exceeds structural design limits.
Further study of non-optimal azimuth launches at lower launch latitudes is also necessary to more accurately predict GLOM trends for all possible MAV landing locations. This would include further analysis using the models already completed for this study and a more extensive trade matrix of inclination and launch latitudes for the off azimuth angles analyzed. The current data provides an adequate initial GLOM estimate for launches at latitudes lower than 45 degrees, but does not incorporate all necessary effects of launching from those latitudes. This is especially true if a higher Isp or lower thrust MAV design is under consideration, as errors could grow quite high for off optimal azimuth launches due to differences in burn time caused by engine parameters changes.
